U nderstanding the specifics of cargo/ protein interaction in viruses is central not only for biological function but also for virus-based nanotechnological applications. More specifically, virus-like particles hold promise as therapeutic or diagnostic delivery agents. 1À4 Moreover, DNA is among the most dense and stable information storage media known and has been proposed as a viable solution for high latency future information storage needs. 5 As a consequence, bioinspired strategies for packaging DNA could take advantage of and even enhance information storage density.
One of the most striking examples of efficient genome packaging is the case of dsDNA bacteriophages, which spool their long nucleic acid molecules into a preassembled icosahedral capsule by means of an ATP-driven packaging motor. 6, 7 In this case, too, specific virus shell properties enable DNA to be packaged at close to crystalline densities. Thus, significant hydration forces, electrostatic repulsion, and bending of the rigid dsDNA have to be overcome in the process. 8 As a consequence, the internal pressure that the capsid has to withstand was estimated at ∼30 atm, for the Φ29 phage. 9 Such great differences in internal pressure between empty and filled capsids are often accommodated by maturation processes involving global morphological and compositional changes, as in the case of HK97 10 or T7 11 phages.
The most plentiful viruses on the planet are (þ) strand RNA viruses, 12 whose genomes can be directly translated into proteins by host ribosomes. Single-stranded RNA is much more flexible than doublestranded DNA, and its packaging generally occurs by spontaneous assembly of capsid proteins and nucleic acids without the powerful ATP-driven motors (such as in the case of certain bacteriophages) and even could be achieved in vitro. 13 For genome presentation, capsids of some RNA viruses disassemble inside the cell, while in others, such as picornaviruses, the genome appears to be injected into the cytoplasm via a channel through the capsid. 14 In either case, the switch between stable and unstable states occurs in response to chemical cues. Because in their life cycle ssRNA viruses take advantage of this purposefully marginal stability, RNA virus capsids are orders of magnitude weaker than their bacteriophage counterparts. 15 Therefore, from a nanotechnology perspective, RNA virus capsids are expected to offer a different set of challenges and opportunities than bacteriophages do. An intriguing case situated between the two extremes of dsDNA phages and ssRNA viruses, is the Hepatitis B virus (HBV), an important pathogen responsible for hepatitis and liver cancer in millions of people. 16 In HBV, the genome is initially incorporated into the assembling capsid as a single-stranded RNA molecule. 17 The result of this process can be reproduced in vitro by spontaneous assembly similar to that of many other ssRNA viruses. 18 However, in this case, the RNA pregenome is subsequently retrotranscribed into circular dsDNA inside the capsid by the viral reverse transcriptase. 19 The stiffness of the packaged dsDNA adds strain to the capsid, decreasing its stability. 20 In light of the above comparison between dsDNA and ssRNA virus mechanics, it is conceivable that the passage from a ssRNA to a dsDNA-loaded nucleocapsid is facilitated by specific but currently unknown capsid adaptation features. However, interpreting data on capsid stability is complicated by the fact that HBV has the unusual property of packaging its genome in particles of two different sizes corresponding to T numbers of 3 (180 capsid proteins) and 4 (240 capsid proteins). 21 While single-particle nanoindentation studies performed by atomic force microscopy indicated that both polymorphs have similar stabilities to mechanical compression (within current detection limit of atomic force microscopy), 22 subunit exchange rates measured by native mass spectrometry showed marked differences between T = 3 and T = 4 capsids. 23 The goal of the current study is to determine by alternative techniques whether the two morphologies respond differently to changes in the physical properties of the cargo. By using the nanoparticle template method, 24À29 we have been able to show that T = 4
capsids are more resilient than T = 3 capsids to changes in the size of the nanoparticle cargo. These results align with Uetrecht et al. findings by mass spectrometry 23 of a T = 3 particle which more readily exchanges protein subunits (dimers) with the surrounding solution than a T = 4 particle, which has undetectable exchange rates, and also with the observation by Bourne et al. that T = 4 particles can undergo symmetry-preserving structural changes in response to small-molecule drugs, suggesting increased T = 4 flexibility.
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Mature HBV is an enveloped virus consisting of an outer lipid envelope studded with glycoproteins that surrounds an inner icosahedral capsid containing a gaped, 3.2 kb dsDNA genome. The HBV capsid protein is a polypeptide of 183 residues, composed of two major domains: the N-terminus domain ; or the "assembly domain" (residues 1À149) ; and a highly basic C-terminus domain ; or "protamine" domain (residues 150À183). 31, 32 The N-terminus domain embodies the minimal component required for in vitro self-assembly. 33 The basic C-terminal domain is flexible, is on the interior of the capsid, and is believed to interact electrostatically with the genome. 29 ,34À38 The T = 3 and T = 4 capsid polymorphs have been observed with the same relative abundances in both in vivo and in vitro samples. 17 RNA-filled recombinant HBV viruslike particles, which share the same morphological properties as their natural counterparts, can be expressed in large quantity in Escherichia coli. 39 Furthermore, previous experimental evidence has suggested that the specific encapsidation of the virus genome inside its native host is achieved by the virus polymerase and a highly conserved stem loop in the 5 0 sequence of pregenomic RNA. 40, 41 In E. coli, which lacks the polymerase and the HBV genome, the capsid packages random RNAs, such as the E. coli RNAs and also can package genomic RNAs of other viruses, suggesting the involvement of a nonspecific, electrostatic component in the interaction between HBV capsid and its cargo. 18 The interaction between the positively charged carboxy-terminal protamine-like domain of the capsid protein and the viral RNA was exploited here to encapsulate functionalized Au nanoparticles (NPs) of various sizes. We examined the effect of increasing the diameter of encapsulated NPs on the outer diameter of the virus-like particle (VLP) (Figure 1 ). The main question is therefore whether the virus shell is able to accommodate in a T number-dependent manner an increase in the nanoparticle core diameter.
RESULTS AND DISCUSSION
Testing capsid stability by template assembly is based upon the assumption that the energetics of assembling a protein shell around a cargo is similar to that of keeping a cargo contained within a capsid. Thus, in the experiments described here, we are ARTICLE measuring, for the first time, capsid resilience to an increase in cargo size by the magnitude of change by which the outer diameter yields to changes in the NP core diameter. A less stable capsid will more readily yield to internal pressure and change its outer diameter than a more stable capsid, even if this means going away from the preferred curvature of the coat proteins themselves. 42 Note that, with respect to previous work by AFM nanoindentation, 22 in which stress was applied from the outside, in the template assembly approach, stress is applied by the NP template from the inside of the forming protein shell. Two main experimental goals were pursued: first, we determined whether assembly of Au-NP-encapsulating VLPs exhibits similar cooperativity and selectivity with the HBV capsid assembly 18 and similar structures with those encountered in wild-type viruses, and second, whether the T = 3 and T = 4 polymorphs exhibit different responses to cargo size increase. HBV VLP Assembly Is Cooperative. Pregenomic RNA interacts strongly with the C-terminal domain, 18 which is thought to carry the role of a nucleic acid chaperone. 43, 44 In unphosphorylated capsids, pgRNA forms an icosahedral cage indicative of a partially doublestranded state, while in a capsid constructed of a phosphorylation mimic, the RNA distribution is less condensed (based on cryo-em data) and more consistent with a single-stranded state. At the same time, the assembly domain structure remains relatively unperturbed. 44 The differences in the RNA structure do not appear to greatly influence the assembly domain. We surmise that despite the fact that the HBV capsid protein is different from the canonical coat protein model the interaction between cargo and capsid protein can be modeled in terms of an internal, flexible domain responsible for the nucleic acid/coat protein interface, and a structural domain, principally responsible for icosahedral assembly. In this prototypical view, valid for some other simple icosahedral viruses, the carboxy-terminal and assembly domains act as parts mechanically decoupled by a hinge region. 45 This organization explains why VLPs of the Brome mosaic virus could tolerate small variations in the diameter of their encapsulated colloidal NP cargo, without significant changes of their outer surface structure ( Figure 1a ). 46 HBV architecture is unlike that of Brome mosaic virus in that subunitÀsubunit interactions are much stronger, they are based on hydrophobic interactions rather than hydrogen bonds, and HBV forms T = 4 as well as T = 3 icosahedra. Therefore, it was unclear whether HBV would behave similarly with a prototypical icosahedral virus such as BMV in terms of templated assembly. Thus, we first tested the ability of HBV CP to form closed shells around NPs. HBV capsids have a lumen diameter of ∼19 nm for T = 3 and ∼23 nm for T = 4. 47 Assuming that one of the principal driving forces for in vitro assembly is electrostatic attraction between RNA and the C-termini of the CP, 18 a negative surface charge density was supplied in the form of a carboxyl-terminated polyethylene glycol (PEG) brush covalently bound to the Au NP surface by a thiol bond. 24 PEG prevents the NP surface from perturbing virus protein function, while the charge density of ∼5 e/nm 2 (presuming dissociation of all the carboxyl moieties the surface) drives the assembly. 48 The PEG brush thickness was ∼2 nm by negative stain transmission electron microscopy (EM). Thus, particle cores of 15 nm nominal diameter had a 19 nm diameter after PEGylation (commensurate with the T = 3 lm), while the 19 nm NP cores achieved a diameter of ∼23 nm (commensurate with the T = 4 lm). Upon mixing of proteins with NPs, assembly was induced by dialysis into assembly buffer.
In vitro, and in absence of a polyanionic cargo, the proteinÀprotein interaction (plausibly involving hydrophobic interactions and hydrogen bonding) will support formation of empty capsids. In presence of RNA, empty particles, aggregates, and filled particles will form. 44 With respect to empty capsids, the polyanionic core affects assembly in several ways. 27, 29, 36 First, it decreases the kinetic barrier to VLP assembly with respect to that for empty capsid formation by increasing, through long-range, nonspecific electrostatic interactions, the local capsid protein concentration around the cargo. Second, in certain cases, it may promote VLP assembly by activating the protein subunit into an assembly active state, thus reducing the energy barrier required for VLP assembly. Finally, it shifts the minimum Gibbs free energy of the final structure as a result of contributions from shell reorganization by cooperative capsid protein interactions under coreÀsubunit binding constraints. 49 We observed similar outcomes for HBV VLP assembly, but also differences. For instance, negative stain TEM data provide evidence for encapsulation of Au NPs, and protein shell assembly exhibiting regular capsomer array signatures are suggestive of capsid formation (Figure 2a,b) . Moreover, as we shall show below, assembly is cooperative. However, HBV has only two stable polymorphs, while VLPs can form with a variety of sizes.
A hallmark of HBV assembly is the cooperative character of protein subunit interactions. 18 Cooperativity of assembly arises in part from the multivalent character of the capsid protein. It has been noted that HBV assembly appears to be allosterically propagated by an induced fit mechanism, which will also contribute to cooperativity. Preservation of this feature in HBV VLP assembly is important because, if the subunit interaction energy were much weaker than the driving force for subunit adsorption onto the NP core, nonspecific association of subunits with the nanoparticle core may result in protein shells ridden with defects in ARTICLE jammed conformations. 50 In NP template assembly, the strength of capsid protein/NP interaction can be adjusted by chemical means, 48 an approach adopted here, too.
To investigate cooperativity, efficiency of assembly measured by TEM was determined through titration experiments of NP solutions by capsid protein in assembly buffer. Efficiency of assembly was defined here as the ratio between the number of apparently complete VLPs to the total number of NPs. The shape of the titration curve ( Figure 3) provides a test for selfassembly cooperativity.
As expected for the formation of a spherical-templated monolayer, efficiencies of assembly plateaued at close to 90% for both diameters. In Figure 3 , a sharp rise is easily noticeable only above a certain pseudocritical concentration. 51 This is a feature suggestive of cooperativity. 48 (Figure 3c ) would predict a rise from 0. If, on the other hand, upon the basis of the small fraction of incomplete VLPs, we assume that binding occurs in such a way that the number of capsid proteins bound may be either zero or q, according to the reaction
where A 1 represents capsid protein subunits in monomeric form (actually dimers), B is the Au NP, and A q B represents the complete VLP, then we can plot the encapsulation efficiency η versus the free protein concentration, x (Figure 3b ): 
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and T = 3 VLPs; (2) binding constants appear to be different between T = 3 and T = 4. It also is interesting to note that, for BMV, which has weaker capsid proteinÀcapsid protein interactions than HBV, a much stronger cooperative character (as measured by the magnitude of q) was observed in similar in vitro experiments. 48 To further test for selective assembly, a competition assay with a mixture of different particle diameters was performed, at a molar ratio (capsid protein to Au NP) of 50, that is, in conditions of limited capsid protein supply (Figure 4) . Particle diameters constituting the extremes and the mean of the range for which assembly was observed were chosen. In a purely nonselective adsorption scenario, competition between different particle diameters for capsid protein would lead to a monotonic decrease of the fraction of complete particles with core radius (red dots in Figure 4) . However, experimental evidence shows that the trend is clearly nonmonotonic, peaking at ∼17 nm (Figure 4) . A similar effect was recently observed in in vitro encapsidation experiments of RNA of different length by CCMV. 53 Presence of selectivity and cooperativity, two characteristics of the native subunitÀsubunit interactions, is important because it suggests that native interactions are preserved in VLPs and electrostatic association between cores and capsid protein does not purely dominate the assembly process.
We have mentioned that, in principle, the magnitude of the electrostatic driving force can be adjusted by mixing charged and neutral ligands on the core NP surface. Efficiency of encapsulation of 15 nm particles is represented as a function of both the NP surface charge and the number of net positive charges on the capsid protein C-termini in Figure 5 . In these experiments, the surface charge for four different 15 nm NP preparations was adjusted by ligand exchange with different mixtures of PEG-COOH and PEG-OH, which yielded 100, 80, 60, and 33% PEG-COOH coverage, as determined by gel electrophoresis and dynamic light scattering (DLS). 54 Besides wild-type capsid protein, two HBV mutants, denoted as CP183EEE and CP154, were used to decrease the protein charge and thus compensate for the decreased core charge. With respect to the wild-type protein, CP154 is a truncated mutant that has only 4 positive charges of the Cterminus. CP183EEE is a phosphorylation-mimicking mutant used in previous studies. 18 It has the same length as CP183 wild-type, but three serines were mutated to glutamic acids, making the net charge on its tail drop from þ15 to þ12. Therefore, decreasing the net surface charge and compensating for it by decreasing the charge on the capsid protein tails does not restore efficiency. This is not surprising because reduction in the number of charges also reduces the free energy of binding. 29, 35 This changes the critical association concentration and hence the efficiency. 27 This hypothesis has been tested for the 15 nm particles by reconstituting VLPs at higher capsid protein/NP molar ratios and measuring assembly efficiency (Table 1) . Mapping Stability by Templated Assembly. Finally, to establish whether the capsid protein shells corresponding to T = 3 and T = 4 numbers adapt differently to an increase in the size of the NP core, we measured the NP diameter and the VLP diameter for ∼700 VLPs 
formed from NP sizes with a distribution spanning 12À23 nm ( Figure 6 ). Since we are interested in the correlation between the NP core diameter and the VLP outer diameter, a joined histogram was constructed, which provides a map of probability density for the NP diameterÀVLP diameter pair. The 2D probability density map was normalized to the starting NP core diameter probability density to account for the fact that the latter was not flat. Clearly, the NP core diameter affects the VLP size distribution. The NP cargo strongly biases the assembly toward the T number that best matches the NP, thus reducing capsid polymorphism. 50 The distribution exhibits statistically relevant local maxima corresponding to 32.7, 30.8, and 28.3 nm VLP diameters. The most prominent 32.7 nm maximum is close to the value reported for T = 4 diameter (∼33 nm). 47 Note that this outer diameter value also corresponds to a relatively broad range of core sizes (17À20 nm diameter). Moreover, at constant concentration of all species, mass action would work in favor of the smaller species. 49 The 28.5 nm maximum is close to the value expected for a T = 3 particle diameter. With respect to the T = 4 VLP, this maximum corresponds to a much narrower range of core diameters, suggesting that cores outside this range are tolerated less and lead the outer diameter to change.
A third local maximum can be observed with a VLP diameter of 30.8 nm (core diameter 16.5 nm). However, this local maximum could not be assigned to a T number. Assuming the same packing density as a T = 4, it would correspond to ∼210 subunits. Its morphology is unknown. It may represent a kinetic intermediate or a non-quasi-equivalent structure of lower stability relative to T = 4.
The dotted diagonal in Figure 6 represents the hypothetical increase in VLP diameter as a function of core diameter assuming a constant protein layer thickness (of ∼7.5 nm). We see that the data deviate significantly from the straight line at approximately T = 4 diameter values, then it gradually regains it. In the vicinity of the T = 4 VLP size on the Figure 6 map, the outer diameter remains more or less constant. This means that the inner portion of the capsid protein has to adapt, probably by a conformational change, to the increase in cargo diameter, a behavior not seen yet for the putative T = 3 particles or for other viruses that have been tested against NP encapsulation.
26,55 Outside of the narrow range where geometry specifies a CasparÀKlug approved diameter, 21 we suggest that the cores acquire a capsid protein coat with numerous disclination defects, arguably not dissimilar to what is observed in colloidosomes in which colloidal particles decorate the surface of a spherical droplet. 56 Disclinations result in a higher energy for the complex relative to defect-free shells, decreasing the efficiency of complex formation and also its stability. The weaker association of defective capsids in turn is also expected to favor increased formation of kinetically accessible empty capsids.
CONCLUSION
It was found that the coat protein of HBV has high affinity for nanoparticle cores functionalized with a polyanionic coat which they bind to in a cooperative manner. Encapsulation efficiencies peak at diameters commensurate with CasparÀKlug T numbers. However, we have also observed a relatively frequent occurrence of VLP diameters which cannot be assigned to icosahedral structures.
When the diameter of the NP core is increased, for most core diameters, the HBV VLP diameter follows the cargo size increase linearly. However, once the VLP diameter reaches the value expected for T = 4, it remains unchanged upon further increase of the core diameter of up to 18%. In contrast, T = 3 VLPs will react immediately to change in the cargo diameter, presumably by accommodating new proteins and defects in the shell. The difference suggests that the T = 4 HBV capsids may have a built-in mechanism of adaptation to changes in the cargo size which is absent in T = 3 capsids. This could be important for nanomaterials applications since it provides an intriguing example of two cage architectures built by self-assembly from the same subunits, but having different stabilities. ARTICLE (10 equiv/particle) to Au-citrate NP solution. 58 The amount of the ligand was estimated by assuming that the surface area occupied by a single thiol molecule is 0.16 nm 2 . The mixture was then stirred at room temperature for 48 h and then subjected to centrifugation at 14 000 rpm for 15 min. The supernatant was removed, and the pellet was resuspended in water and subjected to sonication for 10 min. Centrifugation was carried out under the same conditions for two more times in order to completely eliminate unreacted ligands.
MATERIALS AND METHODS

Synthesis
Two ligands were used for varying the anionic surface charge density as described in previous work:
54 thiolated carboxylated tetraethylene glycol ligand (HS-C 11 -TEG-CH 2 -COOH) and hydroxylated TEG ligand (HS-C 11 -TEG-OH). Functionalization of gold nanoparticles was performed by exchanging the initial citrate molecules with a mixture composed of different molar ratios of PEG-COOH and PEG-OH ligands.
The PEG-COOH coverage was verified by dynamic light scattering and gel electrophoresis as described previously. 54 In short, DLS measurements were carried out with a Zetasizer NanoS (Malvern Instruments). Gold NPs functionalized with different amount of PEG-COOH were first diluted, then sonicated for 10À20 min, and filtered through a 0.22 μm syringe filter. Measurement duration was set to be determined automatically, and data were averaged from at least three runs. Intensity and volume distributions of the particle sizes were recorded. For gel electrophoresis experiments, 8 μL of each sample was loaded on 0.6% agarose gel together with 2 μL of pure glycerol and run in TAE buffer (40 mM Tris, 1 mM EDTA, pH 7.4).
Preparation of HBV VLPs. HBV capsid protein sequences (CP183, CP183-EEE, and CP154) with C-terminal domain codons optimized for expression in E. coli were used for HBV capsid protein expression. 18 HBV capsids from E. coli lysate were purified by ammonium sulfate precipitation and size exclusion chromatography and then stored at À80°C. Before the experiments, the HBV capsids were dissociated and separated from E. coli RNA by dialysis into 1.5 M GnCl, 0.5 M LiCl, 50 mM Tris base pH 9.5, and 5 mM DTT overnight followed by separation through a sucrose 6 10/300 column. The mutant protein CP154 is a deletion mutant with the last 29 C-terminus amino acids of CP183 truncated. CP154 retains the ability to form virus-like particles both in vitro and in the cell expression system. Another mutant protein (CP183-EEE) contains three Ser to Glu mutations corresponding to the significant phosphorylation sites S155, S162, and S170. Previous experiments have demonstrated that Cp183-EEE successfully packages genomic RNA in cell culture 59 as well as random RNA in vitro. 18 For assembly, protein dimers were mixed with gold nanoparticles of different sizes and functionalizations and the mixtures dialyzed against assembly buffer: with 0.1 M NaCl, 50 mM Tris base pH 7.5 (low ionic strength buffer), or 1 M NaCl, 50 mM Tris base pH 7.5 (high ionic strength buffer) overnight. Typical initial concentrations of protein and NP in these reactions were 0.5À1 μM protein dimer and 3À5 nM NP.
VLP Analysis. HBV VLPs were first centrifuged at 14 000 rpm in 10% sucrose cushion for 10 min and then sonicated for 10 min. The step was repeated for up to six times in order to eliminate the protein aggregates and empty capsids. Then, 10 μL of the purified sample was put on a glow-discharged carbon-coated copper grid. After 10 min, the excess solution on the grid was removed with filter paper. A 10 μL portion of 2% uranyl acetate was used to stain for 10 s. Excess solution was removed by blotting with filter paper. The sample was then left to dry for at least 30 min.
The assembly efficiency of VLPs was determined from the TEM images by dividing the number of complete VLPs over the total number of gold particles (involved in complete VLPs, incomplete VLPs, or bare gold NPs). Images were taken from at least two independent TEM grids. Average diameters of VLPs were obtained from a horizontal and a vertical measurement per particle using ImageJ software; 300À800 particles were analyzed for each sample.
